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Abstract
A study was performed to determine the life cycle of Rickettsia felis, a 
novel bacterium associated with cat fleas (Ctenocephalides felis Bouche). Cat flea 
populations maintain R. felis in successive generations by efficient transovarial 
transmission.Transovarial transmission was demonstrated in our study up to 12 
generations. The mean infection rate for the progeny of fleas maintained on both cats 
and an artificial membrane system were comparable (64.3% and 58% respectively).
Cats with no prior exposure to fleas were exposed to fleas infected with 
Rickettsia felis and monitored monthly for seroconversion via IFA. Blood samples 
were assayed for the presence of R. felis via PCR. Thirteen of 16 cats seroconverted 
by 4 months post-exposure to fleas infected with R. felis. R. felis DNA was detected 
in five of 16 cat blood samples.
A total of 266 cats were assayed for immune response to Rickettsia typhi-felis 
from March-August 1995 and March-September 1996. Twenty four cases (9%) were 
confirmed via indirect immunofluorescent antibody assay. None of the fleas removed 
from 46 of the cats tested positive by PCR analysis. In two similar surveys taken at 
animal shelters in Alexandria and Lafayette Louisiana, we found a seropositivity rate 
o f 12.5% and 11%, respectively, during August 1996.
When comparing the egg and feces production for the three strains of fleas fed 
in vitro on bovine blood, we found that the LSUSG strain did not produce as many 
eggs nor as much feces. When the same comparisons were made feeding the flea 
strains on cats, there were no differences in the egg production between LSUSG and
vii
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Heska strain fleas and LSUSG and Lab strain fleas. There was a difference between 
the feces production of Heska and the LSUSG strain fleas fed on cats. The LSUSG 
strain produced 32% less feces per egg than the Heska flea strain.
In the cross-mating studies we found no statistical difference between the egg 
production of the Lab strain or Heska strain females when mated to LSUSG males. 
We also found that the Heska strain fleas had a lower adult emergence rate than the 
LSUSG strain.
vm
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Introduction
Rickettsiae are obligate intracellular parasites of vertebrates, which possess a 
typical gram negative bacterial cell wall, and are often transmitted by hematophagous 
arthropods including fleas, ticks, and lice. Rickettsiae usually lack certain enzymes 
and cell components needed to survive outside of a host cell. Many human pathogens 
are members of this genus Rickettsia (Creager et al 1990). The rickettsiae are divided 
into three groups that include the spotted fever group (SFG), typhus group (TG), and 
the scrub typhus group (Shriefer et al l994b). The SFG and TG contain the agents of 
Rocky Mountain Spotted Fever (RMSF) and epidemic typhus respectively. RMSF (/?. 
rickettsii) is transmitted by ticks, most frequently by ixodids in the genus 
Dermacentor and is endemic throughout eastern North America and into Canada and 
South America (Harwood and James 1979). R. prowezeki, the agent of epidemic 
typhus, is transmitted by body lice (Pediculus humanus humanus). Epidemic typhus is 
associated with lowered sanitary conditions that occur during times of war, famines, 
etc. The disease is widely distributed in Europe, Africa, Asia, Mexico and Central 
and South America (Harwood and James 1979). R. typhi is the etiological agent of 
murine typhus. The vector of R. typhi is usually considered to be the oriental rat flea 
(Xenopsylla cheopis) however, in recent years there has been accumulating evidence 
that alternate vectors exist. R. typhi is found throughout Europe, Australia, United 
States and Mexico (Harwood and James 1979). During the early part of this century, 
the disease occurred in thousands of people in the U.S. (Traub et al 1978).
1
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Fleas are known to harbor and transmit a wide variety of microorganisms 
including cestodes, nematodes, protozoans, bacteria, and viruses (Beard et al 1990). 
The cat flea (Ctenocephalides felis Bouche) is the most common flea infesting dogs 
and cats in the U.S. and will feed on humans and other mammals as well (Dryden 
1989). The characteristic of feeding on numerous different hosts make the cat flea a 
likely vector of disease causing organisms. Shriefer et al (1994b) proposed that the cat 
flea may play a role in the transmission of R. typhi.
Recently a rickettsia associated with the cat flea (Ctenocephalides felis Bouche) 
was discovered (Adams et al 1990). This organism has been designated Rickettsia 
fe lis , which refers to the original discovery of the organism in the cat flea (Higgins et 
al 1996b). The rickettsia was formerly known as the ELB agent which referred to the 
laboratory where the first infected fleas were discovered (Adams et al 1990). The 
bacterium was found in the tissues of laboratory and wild-caught cat fleas 
(Ctenocephalides felis Bouchd) by Adams et al (1990). R. felis  DNA was isolated 
from a patient thought to have murine typhus (Shriefer et al 1994*). Based upon this 
single isolation, it has been suggested that R. felis may cause a mild form of murine 
typhus (Williams et al 1992). R. felis is placed in a clade by itself with its closest 
neighbors being R. akari and R. australis. R. akari is transmitted by the house mouse 
mite (Liponyssoides sanguineus) and can be maintained transovarially (Burgdorfer and 
Varma 1967), while R. australis is transmitted by Ixodes spp. ticks (Cambell and 
Domrow 1974). Although R. felis shows affinity with typhus group rickettsia by 
immunofluorescence assays, it is more akin to the spotted fever group by analysis of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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the sequence data of the 434-base pair 17 k Da protein gene segment (Higgins et al 
1996b).
Health officials from Texas and California have reported more than 200 cases 
of murine typhus in the last 10 years (Taylor et al 1986; Sorvillo et al 1993). Sorvillo 
et al (1993) reported that in California the accepted vector and hosts of murine typhus 
were conspicuously absent in areas endemic for the disease. The vector historically 
associated with R. typhi is the Oriental rat flea (Xenopsylla cheopis), and the hosts 
most often associated with R. typhi are roof rats (Ramts ratrus) and Norway rats 
(Rattus norvegicus). Interestingly, cat fleas, cats, and opossums from areas endemic 
for R. typhi where found to be infected with R. typhi as well as R. felis. These 
rickettsiae are closely related and are indistinguishable by current serological 
techniques. These findings may implicate cat fleas and cats as a possible sources of R. 
typhi and/or R. felis. To date, relatively few studies have reported the prevalence of 
typhus group rickettsia in cat populations. Typhus group rickettsia include R. 
prowazeki, R. typhi, and the newly recognized R. felis.
R. felis, is associated with colonized (Azad et al 1992) and wild-caught cat 
fleas (Williams et al 1992). R. felis has been found to infect flea colonies throughout 
the U.S.; some of these colonies were established with fleas from a single source. 
However, it has been proposed that the agent may be easily introduced into uninfected 
colonies. The agent appears to have no detrimental effects upon the fleas and there is 
efficient transovarial transmission (Adams et al 1990). We tested for two major 
categories of transmission of R. felis to fleas, i.e. vertical and horizontal. Vertical
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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transmission refers to the transfer of an infection from parent to offspring. Horizontal 
transmission refers to all other types of transmission. Flea colonies at Louisiana State 
Agricultural Center St. Gabriel, LA (LSUSG) (Henderson et al 1993) and at Heska 
Corporation in Fort Collins Colorado were studied to determine how R. felis  is 
maintained in flea lines. Investigations also were undertaken to study the prevalence 
of R. felis in cat and flea populations in Baton Rouge, LA. Higgins et al (1994) 
speculated that R. felis might be capable of affecting the biology of the cat flea.
Studies were conducted to examine possible effects of R. felis on the biology of cat 
fleas.
Higgins (1996*) and Jameson (1995) listed cat scratch disease (CSD) as a 
disease with possible associations with fleas. Bartonella henselae, which is considered 
to be the causative agent of CSD, has been shown by the use of PCR techniques to 
occur in cat fleas (Koehler et al 1994, Reiman et al 1990). However, there have been 
few studies to implicate fleas in the maintenance of B. henselae in cat populations or 
in the transmission of B. henselae to man. Infection rates of B. henselae in domestic 
cats in the U.S. have recently been estimated at approximately 30-40% and this 
incidence of infection may result in health risks for some cat owners’ (Groves and 
Harrington 1994). Jameson et al (1995) reported an association between exposure to 
cats and the development of CSD in man. Studies were also conducted to examine the 
acquisition of B. henselae by cat fleas and to report the prevalence of B. henselae in 
cat flea populations in Louisiana.
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Research Objectives
The objectives of the study were:
1. To determine the dynamics of the production of antibodies reactive to the R. 
typhi-felis antigen by cats exposed to the feeding o f fleas infected with R. felis.
2. To investigate the occurrence of the Rickettsia fe lis , R. typhi, and Bartonella 
henselae in flea and cat populations in Louisiana.
3. To describe the life cycle of Rickettsia felis in cat fleas (Ctenocephalides felis 
Bouche) infected by vertical and horizontal routes. Studies were conducted to 
determine how the agent is maintained in flea lines.
4. To investigate possible interactions of R. felis  with the biology of the cat flea.
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Chapter 1
Infection and Seroconversion of Cats Exposed to Cat Fleas {Ctenocephalides felis
Bouche) Infected with Rickettsia felis
Introduction
Rickettsia fe lis  is a bacterium which was discovered in 1990 by Adams et al 
during studies on potential vectors of Erlichia risticii, the causative agent of Potomac 
horse fever. Electron microscopy techniques revealed that the bacterium could be 
found in many tissues (gonadal, muscle, and midgut lining) of the cat flea 
{Ctenocephalides felis  Bouche). Additionally, the organism was found to cross react 
strongly to R. typhi antiserum using a Direct Fluorescent Antibody (DFA) method 
(Adams et al 1990). Until Higgins et al (1996b) described the organism, R. felis  was 
referred to as the ELB agent in reference to the colony which was the source of fleas 
used by Adams et al (1990).
Sorvillo et al (1993) indicated that an antibody response to R. typhi could be 
detected in cats and peridomestic opossums. However, research has indicated that R. 
typhi and R. felis cross react serologically. When differentiation between R. typhi and 
R. felis is important, PCR based analysis can be used (Higgins et al 1996b). Higgins 
et al (1996b) sequenced and compared PCR products of R. typhi and R. felis  and 
found 32 nucleotide differences between them. When considering previous studies on 
the epizootology of R. typhi, one must consider the possibility that R. felis was 
mistakenly identified as R. typhi. However, the kinetics of the immunological 
response of cats exposed to fleas infected with R. felis has not been described. We
6
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report here the results of experiments to determine the dynamics of the production of 
antibodies reactive to the R. felis-typhi antigen by cats exposed to the feeding of fleas 
infected with R. felis.
Methods and Materials 
DNA Preparation from Whole Blood. InstaGene™ matrix (Bio-Rad 
Laboratories, Hercules CA) was used according to manufacturers specifications for 
the preparation of R. felis DNA from cat blood samples. Blood samples were 
collected in serum Vacutainer® tubes (Becton Dickinson, Franklin Lakes, NJ) from 
the cats once per month via venepuncture of the external jugular vein. One ml of 
whole blood was centrifuged (Model Marathon 6K, Fisher Scientific) for 5 min at 
2000 rpm, two ml of phosphate buffered saline (PBS) added, and mixed completely 
using a vortex mixer (Model Vortex Genie 2, Scientific Industries). Five drops of 
Zap-Oglobin II® (Coulter Diagnostics, Hialeah, FL) were then added to each sample. 
The samples were again mixed and centrifuged at 12000 rpm for 1 min. After 
centrifugation the supernatant was discarded and PBS was added to bring the level up 
to one ml in each vial, and the sediment was resuspended. Then five ml of Zap- 
Oglobin II® was added to the samples which were mixed; then centrifuged at 12000 
rpm for I min. The supernatant was discarded and the sediment was resuspended in 
distilled water to bring the level in each vial up to one ml. The samples were then 
incubated at room temperature for 15 min and centrifuged at 12000 rpm for 1 min.
The supernatant was discarded and 200 iA of Insta-Gene matrix® was added. The 
samples were then mixed for 10 s and incubated at 56° C for 15 min; mixed for an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
additional 10 s and incubated at 100° C for 8 min. After incubation, samples were 
mixed and centrifuged at 12000 rpm for 3 min. Twenty A  of the supernatant from 
each sample was used for the PCR reaction.
Polymerase Chain Reaction Assay. Procedures for detecting the rickettsial 
DNA in flea samples followed those described by Azad et al (1992). Samples were 
triturated with a sterile pestle in 25 A  sterile water in 1.5 ml centrifuge tubes. 
Samples were then heated to 100° C for 10 min and stored at 0° C. Ten A  aliquots 
were used as template for PCR. Conserved primers were used for amplification of a 
234 bp fragment of the 17 kDa surface antigen gene. Samples were amplified for 35 
repeated cycles of denaturation at 94° C for 30 s; annealing was at 57° C for 2 min, 
and the sequence extension step was at 70° C for 2 min. PCR products were 
electrophoresed on 1.2% agarose gels and visualized by ethidium bromide staining. 
The Power Block I® thermocycler (Ericomp Inc., San Diego, CA) was used for all 
PCR reactions. Because the 17 kDa primers are genus specific but not species 
specific, confirmation that products were of R. felis origin was performed by 
restriction fragment length polymorphism (RFLP) and sequencing.
Restriction enzyme analysis of PCR products. Restriction fragment length 
polymorphism (RFLP) was performed to confirm that products were of R. felis origin 
(Azad et al 1992). Digestion was performed using the endonuclease Xba I. Samples 
(15 A  each) were combined with 3 A  of enzyme (Xba I) master mix and allowed to 
incubate overnight at 37° C. Samples were electrophoresed on 1.2% agarose gels and 
visualized by ethidium bromide staining.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Preparation and sequencing of PCR products. The 17 kDa PCR product 
amplified from the fleas was cloned and sequenced using the Invitrogen T/A Cloning 
kit (San Diego, CA). Procedures for this assay followed those described by Higgins et 
al (1996*). The PCR product (3 pi) was ligated overnight at 14° C into the PCR II 
(Invitrogen) vector, and delivered into One Shot (Invitrogen) competent cells by using 
heat shock at 42° C for 30 s. Cells were plated onto Luria Broth agar plates 
containing 50 ug/ml amplicilin and X-galactose and white colonies selected for further 
growth. Plasmid DNA was purified using the Perfectprep kit (5 Prime 3 Prime, 
Boulder, CO), cycle sequenced using the dye-terminator method, and visualized using 
the Applied Biosystems 373 automated fluorescent sequencing system (Foster City, 
CA). The sequence was analyzed using the Sequence Editor 675 software package 
(Applied Biosystems, Foster City, CA), and the BLAST program for sequence 
comparisons (National Center for Biotechnology Information, Bethesda, MD).
Indirect Immunofluorescent-antibody (IFA) assay of cat serum samples.
An IFA assay was used to detect antibody response to both R. felis and R. typhi 
(Philips et al 1976). IFA microscope slides with the R. felis or R. typhi antigen were 
provided by Abdu Azad at the University of Maryland, Baltimore, Maryland USA. 
Serial dilutions of serum starting at 1:64 through 1:2048 were prepared in phosphate 
buffered saline (PBS). Twenty-five p i o f diluted serum were applied to the antigen 
slide wells and allowed to incubate for one h in a humidity chamber (75% RH) at 
room temperature. The slide was then rinsed in distilled water, washed for 30 min in 
PBS, rinsed again in distilled water, and then air dried. Twenty-five p i of a secondary
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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antibody (goat anti-cat) labeled with FITC were applied to each well and incubated 
for 1 h. The previous washing protocol was then followed. The slides were then 
viewed at 40x using a fluorescent microscope. Titers of >1:64 were considered 
positive. R. felis and R. typhi are reactive with the assay and can not be differentiated 
by this method.
Fleas. Adult fleas were obtained from a colony at Louisiana State Agricultural 
Center St. Gabriel Research Station (LSUSG) (Henderson and Foil 1993). The fleas 
were assayed via PCR for the presence of R. felis DNA periodically. Approximately 
65% of the fleas were found to be infected with R. felis (Chapter 3).
Cats. Three uninfected cats were maintained as controls. They were housed in 
a flea free environment at the LSU School of Veterinary Medicine. Twelve specific 
pathogen free [(SPF)(flea naive)] cats were exposed to the feeding of cat fleas 
infected with R. felis from August 1996 until January 1997. Six of the cats were 
maintained at LSUSG. This group was infested with approximately 75 LSUSG fleas 
weekly to ensure continuous exposure to flea feeding. The other six cats were housed 
at the LSU School of Veterinary Medicine. These cats were maintained in a flea free 
environment and combed regularly to ensure the absence of fleas. The cats were 
exposed to the feeding of R. felis-positive fleas once a week for 15 min using the 
chambered flea technique (Thomas et al 1996). Using this method we were able to 
determine if R. felis was transmitted orally to cats by flea feeding. Blood samples 
from both groups were taken monthly and serum was stored at -20° C in Nalgene 
Cryoware® (Nalge Company, Rochester, NY) cryogenic vials.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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In a similar trial, four SPF cats were continually infested with cat fleas 
infected with R. felis  from April 1997 until July 1997. The cats were maintained at 
LSUSG and were infested with approximately 75 fleas weekly. Blood samples were 
taken monthly and serum was stored at -20° C in cryogenic vials by Nalgene 
Cryoware®.
Assay to detect flea feeding in intermittently fed fleas. Fleas that were fed 
intermittently on cats were screened to ensure that they fed on the cats since flea feces 
was absent or difficult to visualize after such a short period of feeding. Ten fleas that 
had fed intermittently on each cat were screened for the presence of blood using the 
Hemoccult® screening test (SmithKline Diagnostics, San Jose, CA) for occult blood. 
Fleas that had not fed on cats also were tested. The blood screening test was done as a 
qualitative test to show that the groups of fleas were feeding, since the sensitivity of 
this test for detecting blood was not measured.
Results
Restriction enzyme analysis (RFLP) and sequence data. RFLP analysis of 
the PCR products that were amplified indicated they were of R. felis origin. Likewise, 
sequence data comparisons indicated that the PCR product that were amplified had a 
99% homology to R. felis.
Three of the six cats in the first trial that were exposed to the continuous 
feeding of infected fleas tested seropositive for R. typhi-felis antibody by the second 
month and the remaining three seroconverted by four months after the initial 
exposure. One of the cats exposed to intermittent feeding had seroconverted by two
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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months and only three seroconverted four months after the initial exposure (Table 
1.1). Unexposed control cats tested seronegative during the study period.
In addition, three of six cats (trial 1) that were exposed to the continuous 
feeding of infected fleas were found to be positive for R. felis DNA by PCR after 
three months of exposure. Two of six cats (trial 1) exposed to the intermittent feeding 
of fleas were found to be positive via PCR after three months of exposure (table 1.2).
Fleas that fed on cats intermittently were screened for the presence o f blood 
and blood was detected in fleas from all dates except for those fed on Curious on 
three dates. Fleas that were not fed on cats were also tested and there were no false 
positives.
Table 1.1 Detection of antibody in serum samples obtained from cats exposed 
to the continuous or intermittent feeding of fleas infected with R. 
felis.
Months post exposure
Cat Exposure 0 1 2 3 4 5
Linus continual - - - - + +
Fabio continual - - + - - -
Garfield continual - - + + + +
Snoopy continual - - - + + +
Julio continual - - - + - -
Carl continual - - + - + +
Curious intermittent - - - - - -
Cher intermittent - - - + + +
Sierra intermittent - - - - + +
Keys intermittent - - + - + -
Magic intermittent - - - - - -
Stormy intermittent - - - - - -
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13
Table 1.2 PCR detection o f R. felis DNA in cats exposed to continuous and 
intermittent feeding of fleas infected with R. felis.
Months post exposure
Cat Exposure 0 1 2 3 4 5
Linus continual - - + - - -
Fabio continual - - - - - -
Garfield continual - - - - - -
Snoopy continual - - + - - -
Julio continual - - - + - -
Carl continual - - - - - -
Curious intermittent - - - - - -
Cher intermittent - - - - - -
Sierra intermittent - - + - - -
Keys intermittent - - + - - -
Magic intermittent - - - - - -
Stormy intermittent - - - - - -
Three of the four cats in the second trial tested positive for R. typhi-felis 
antibody by the second month and the remaining cat seroconverted by month three 
(table 1.3). None of the cats were found to be positive via PCR during the second 
study.
Table 1.3 Seroconversion of cats exposed to continuous feeding of fleas 
infected with R. felis.
Months post exposure
Cat 0 1 2 3
Daisey - - - +
Ghost - - + +
Morris - - + +
Sam - - + *
*test animal was removed from study due to illness
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Discussion
This is the first study to demonstrate that cats exposed to cat fleas infected 
with R. felis  become positive for R. typhi-felis antibodies. Azad et al (1985) 
demonstrated that rats inoculated with the feces of the rat flea, Xenopsylla cheopis, 
infected with R. typhi seroconverted within one month. Fleas positive for R. felis 
DNA fed on cats in our study, and seven cats became seropositive for R. typhi-felis 
by two months post-feeding.
Azad et al 1989 reported that increases in the feeding period of Xenopsylla 
cheopis fleas infected with R. typhi corresponded with increases in transmission rates 
to rats. We had similar results in this study. All cats continually exposed to the 
feeding of R. felis  infected fleas became seropositive while three of six cats in the 
intermittently exposed group seroconverted. Price (1954) demonstrated that 
physiological changes must take place in D. andersoni in order for the rickettsia to 
become virulent to guinea pigs. These changes were thought to be induced by molting 
hormones as well as increases in temperature. In our study, allowing groups of newly 
emerged infected fleas to feed on six cats weekly for only 15 min resulted in three of 
the six cats developing antibodies to R. typhi-felis. R. felis DNA also was detected in 
blood samples from two of these seropositive cats. Additionally, flea feces were not 
visually detected after the fleas were allowed to feed on the cats. This data may 
indicate that fleas infected with R. felis are capable of orally transmitting R. felis to 
cats. Azad et al (1989) reported similar results with the transmission of R. typhi in 
rats. They found that the Oriental rat flea, Xenopsyla cheopis, infected with R. typhi,
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was capable of transmitting the infection to rats by feeding for 45 min through bolting 
cloth. Thus, very few R. felis infected fleas present in an area could have a dramatic 
effect on the seropositivity of the cats in that area.
Although we did not examine salivary glands for the presence of R. felis there 
are two likely methods for transmitting R. felis by flea bite to cats. The rickettsia may 
have been innoculated into the cats along with salivary secretions or regurgitated from 
the foregut lumen into the bite wound. Adams et al (1990) reported R. felis in 
midgut, muscle, ovaries, tracheal matrix, hypodermis, and in the epithelial sheath of 
the testes. However it was not reported in the salivary glands of the flea.
We found that PCR analysis data of the cat blood samples did not correspond 
to the IFA analysis of the serum samples, especially in second trial where we detected 
no R. felis DNA in any of the cat blood samples but found all cats to be seropositive 
for R. ryphi-felis by 3 months post-exposure. One explanation for these 
inconsistencies could be the nature of the R. felis infection in cats, which has not been 
described. Since blood samples were taken monthly, there is the possibility that we 
failed to detect the peak of rickettsemia in the cats.
The findings presented here coupled with our findings in chapter 2 on the 
prevalence of R. typhi and/or felis in cat populations, indicate that the cat, when 
exposed to the feeding of R. felis infected fleas, seroconverts. Therefore, serum 
surveys on cats reporting rates of R. typhi serpositivity and conclusions regarding the 
possible role of cats as emerging reservoirs for R. typhi should be closely examined. 
Previously a potential connection of R. felis to human pathogenesis was reported when
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an individual was found to be PCR positive for R. felis DNA (Schriefer et al 1994*). 
That report was from a retrospective study of patients from a persistent foci of murine 
typhus in Southern Texas. More investigations will be required to fully understand the 
role of R. felis in the disease of man.
The possibility of R. felis infecting or causing disease in cats has not been 
studied. In this study we demonstrate that cats do seroconvert when fed on by fleas 
infected with R. felis. We did not conduct a clinical investigation, but no overt 
clinical disease was observed in the cats other than the onset of flea allergy dermatitis 
(FAD), which was concomitantly studied.
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Chapter 2
Seroprevalence of Two Members of the Order Rickettsiales In Cats and Attempts 
to Detect DNA of Rickettsia felis, R. typhi and Bartonella henselae by PCR in Cat 
Fleas (Ctenocephalides felis Bouche) from Cats in East Baton Rouge Parish,
Louisiana
Introduction
Fleas are known to harbor and transmit a wide range of microorganisms 
including cestodes, nematodes, protozoans, bacteria and viruses (Beard et al 1990). 
The cat flea (Ctenocephalides felis Bouche) may be capable of transmitting the 
etiologic agent of plague, Yersinia pestis (Politzer 1960) and murine typhus,
Rickettsia typhi (Azad 1984). In addition, the cat flea is an intermediate host for the 
dog tapeworm, Dipylidium caninum, and is a vector of the benign filarial worm, 
Dipetalonema recondition, which occurs in dogs (Harwood and James 1979).
Higgins et al (1996*) listed cat scratch disease (CSD) as a disease with possible 
associations with fleas. Bartonella henselae, which is considered to be the causative 
agent of CSD, has been shown to occur in cat fleas by the use of PCR techniques 
(Koehler et al 1994, Reiman et al 1990). However, there have been few studies to 
implicate fleas in the maintenance of B. henselae in cat populations or in the 
transmission of B. henselae to man. Infection rates of B. henselae in domestic cats in 
the U.S. have recently been estimated at approximately 30-40% and this incidence of 
infection may result in health risks for some cat owners (Groves and Harrington 
1994). Jameson et al (1995) reported a 27.9% incidence of seropositivity to B. 
henselae in cats and an association between exposure to cats and the development of
17
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CSD. The description of CSD as a zoonosis is unlikely to change cat owners opinions 
on maintaining cats as pets. However, if fleas are important in the dissemination of B. 
henselae, then flea control could be recommended to reduce the transmission of the 
organism.
Murine typhus is a zoonosis that results from infection with Rickettsia typhi. 
During 1930s and 40s this disease was diagnosed in thousands of humans in the U.S. 
(Traub et al 1978). In recent years, however, the prevalence has declined with 
outbreaks occurring sporadically. Texas and California have reported more than 200 
cases in the last 10 years (Taylor et al 1986, Sorvillo et al 1993). The typical hosts 
and vector of R. typhi are roof rats (Rattus rattus), Norway rats (Rattus norvegicus), 
and the Oriental rat flea (Xenopsylla cheopis). However, the cases in California were 
not associated with these typical hosts and vector. In Los Angeles County, California, 
cat fleas, cats, and peridomestic opossums were implicated as reservoirs for R. typhi; 
90% (9/10) of the cats in or near the homes of murine typhus patients and 42% 
(16/38) of the peridomestic opossums trapped near patients homes were seropositive 
for typhus group rickettsia. Neither cats (0/26) nor opossums (0/36) from control 
areas away from known foci of murine typhus were found to be positive (Sorvillo et 
al 1993). Although these findings may implicate cats as a possible source of R. typhi, 
few studies have reported the prevalence of typhus group rickettsia in cat populations.
Typhus group rickettsia include R. prowazeki, R. typhi, and R. felis. The 
recently discovered R. felis, is associated with colonized (Azad et al 1992) and wild- 
caught cat fleas (Williams et al 1992). This rickettsia was first reported in cat fleas
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(Adams et al 1990) and has been implicated as a cause of human illness (Shriefer et al 
1994*). It has been suggested that R. felis may cause a mild form of murine typhus 
(Williams et al 1992). The purpose of this study was to determine the prevalence of 
seropositivity in cats for two members of the typhus group of rickettsia (R. felis and 
R. typhi) and the prevalence of R. felis and B. henselae in fleas collected from cats at 
animal control shelters. Studies were also performed on the acquisition of B. henselae 
by cat fleas.
Methods and Materials 
Source of samples. Serum samples from a total of 266 cats were collected 
from March through August 1995 and from March through September 1996 at the 
East Baton Rouge Parish (EBR) Animal Control Center. Fleas (80 total) also were 
removed from 46 of the 266 cats and tested for R. felis and B. henselae DNA by 
PCR. Additionally, during August 1996, serum samples were taken from 44 cats at 
the Lafayette Animal Control Center and from 16 cats at the Alexandria Animal 
Control Center. Fleas were not collected from the cats at the Lafayette and the 
Alexandria centers. Blood samples were collected in serum separation Vacutainers® 
(Becton Dickinson, Franklin Lakes, NJ). The serum samples were stored at -20° C. 
Fleas were removed by combing and stored at -20° C.
Indirect immunofluorescent-antibody (IFA) assay. An IFA assay was used 
to detect antibody response to R. typhi and R. felis (Philips et al 1976). IFA 
microscope slides with the R. felis or R. typhi antigen were provided by Abdu Azad at 
the University of Maryland, Baltimore, Maryland USA. Serial dilutions of serum
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starting at 1:64 through 1:2048 were prepared in phosphate buffered saline (PBS). 
Twenty-five iA of each serum dilution were applied to the antigen slide wells and 
allowed to incubate for 1 h in a humidity chamber (75% RH) at room temperature. 
The slide was then rinsed in distilled water, washed for 30 min in PBS, rinsed again 
in distilled water, and then air dried. Twenty-five A  of a secondary antibody (goat 
anti-cat) labeled with FITC were applied to each well and incubated for 1 h. The 
previous washing protocol was then followed. The slides were then viewed at 40x 
using a fluorescent microscope. Titers of 2 1:64 were considered positive. R. felis and 
R. typhi are seroreactive with this assay and could not be differentiated by this 
method.
Polymerase chain reaction assay. Procedures for detecting the rickettsial 
DNA in flea samples followed previously published techniques (Azad et al 1992). 
Samples were triturated with sterile pestles in 1.5 ml centrifuge tubes in 25 p\ of 
sterile water. Samples were then heated to 100° C for 10 min and stored at 0° C.
Ten iA aliquots were used as template for PCR. Conserved primers were used for the 
amplification of a 234 bp fragment of the 17 kDa surface antigen gene. Samples were 
amplified for 35 repeated cycles of denaturation at 94° C for 30 s; annealing was at 
57° C for 2 min, and the sequence extension step was at 70° C for 2 min. PCR 
products were electrophoresed on 1.2% agarose gels and visualized by ethidium 
bromide staining. Because the 17 kDa primers are genus specific but not species 
specific, verification that products were of R. felis origin was performed by restriction
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fragment length polymorphism (RFLP) and sequencing. The Power Block I® 
thermocycler (Ericomp Inc., San Diego, CA) was used for all PCR reactions.
Procedures for detecting B. henselae in flea samples followed the same basic 
protocol as above except for the following differences: Conserved primers were used 
for amplification of a 414 bp fragment of the 60-kDa stress response protein gene 
(Anderson et al 1994). Samples were amplified for 35 repeated cycles o f denaturation 
at 94° C for 30 s; annealing was at 50° C for 1 min, and the sequence extension step 
was at 70° C for 45 s.
Detection of B. henselae in cat fleas. Blood from cats infected with B. 
henselae was obtained from the EBR Animal Control Center. Blood samples were 
collected in glass vials containing 10% sodium citrate. The blood samples were 
transported to the lab and refrigerated at 0° C. Three of seven cats obtained for the 
study were found to be infected with B. henselae. Bacteremia was determined by 
serial dilution of blood samples, subsequent inoculation of blood agar plates, and 
visual identification of distinctive colonies.
Fleas that had not previously fed and were not infected with B. henselae were 
obtained from the Louisiana State University Agricultural Center St. Gabriel Research 
Station (LSUSG). Fleas were allowed to feed on six ml of infected cat blood for 2-3 
days. Feeders were cleaned daily with distilled water, new membranes applied and 
fresh feline blood supplied. On days 4 through 6, fleas were fed fresh bovine blood 
with 10% sodium citrate. The fleas were then frozen and stored at -70° C.
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Results
Survey for typhus group rickettsia from the EBR Animal Control Center.
A total of 266 cat serum samples were assayed for antibody response to R. typhi-felis. 
Twenty-four, or 9% (16 females and 8 males), of the cats were found to be 
seropositive. The survey group consisted of 57% (152/266) female cats and 43% 
(114/266) male cats. No association was found between sex and seropositivity 
(p =0.315).
Table 2.1 Comparison of the rate of seropositivity of cats at the EBR Animal 
Control Center to flea infestation in 1995.
1995 total # cats Prevalence % cats
assayed of typhus group infested with fleas
March 10 0 10% (1/10)
April 18 0 5.5% (1/18)
May 47 2% (1/47) 34% (16/47)
June 31 6.5% (2/31) 39% (12/31)
July 42 7% (3/42) 43% (18/42)
August 6 0 50% (3/6)
There was a trend toward months with higher rates of seropositivity 
corresponding to months with the higher rates of flea infestation in 1996 (Table 2.2). 
However, no association was found between the presence of fleas and the detection of 
seropositivity in the cats (p=0.373). We have found that seroconversion in cats
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occurs between 2-4 months post-exposure to R. felis positive fleas (Chapter 1). None 
of the fleas (0/80) that were removed from 46 of the cats tested positive for R. felis 
via PCR analysis.
Table 2.2 Comparison of the rate of seropositivity of cats a t the EBR Animal 
Control Center to flea infestation in 1996.
1996 total # cats Prevalence % cats
assayed of typhus group infested with fleas
March 11 0 18% (2/11)
April 21 0 28.5% (6/21)
May 9 33% (3/9) 33.3% (3/9)
June 21 28.5% (6/21) 33.3% (7/21)
July 25 4% (1/25) NO DATA
August 5 80% (4/5) NO DATA
September 20 20% (4/20) 70% (14/20)
Alexandria and Lafayette Animal Control Center surveys. Of the 16 cats 
from the Alexandria Animal Control Shelter tested in August 1996, two were 
antibody positive for R. typhi-felis. Both were young, teething, male cats. No data 
were taken on flea infestation.
Of the 44 cats from the Lafayette Animal Control Center tested in August 
1996, five (3 females and 2 males) were antibody positive for R. typhi-felis. No fleas
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were removed for PCR analysis, but all cats were observed to be heavily infested with 
fleas.
Fleas removed from 2 of 3 bacteremic cats at the EBR animal control center
were determined to be positive for B. henselae via PCR assay. Two of three groups of
naive fleas were determined positive for B. henselae after they fed on blood from the
bacteremic cats for 3 d on the artificial membrane system (Table 2.3).
Table 2.3 PCR detection of B. henselae in fleas.
Bacteremia PCR Detection
(CFU/ml) fleas from cats fleas fed infected blood*
cat 1 25,000 yes no
cat 2 30,000 yes yes
cat 3 20,000 no yes**
*Fleas were allowed to feed on infected cat blood for 3 d then on bovine blood for an 
additional 3 d
**Fecal samples of the fleas also were positive for B. henselae.
Discussion
In our study, we found a 9% seroprevalence for R. typhi-felis in cats at the 
EBR Animal Control Center. The less intensive surveys taken at Alexandria and 
Lafayette Animal Control Centers showed a slightly higher seropositivity rate (12.5 % 
and 11%, respectively). Sorvillo et al (1993) found a 90% (9/10) rate of antibody 
response to typhus group rickettsia in cats in Los Angeles County that were in or near
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the homes of murine typhus patients; however all cats from a control area were 
negative.
Although there was no association between the presence of fleas on the cats 
and the detection of seropositivity, cats do remove by grooming many of the fleas that 
infest them. Wade and Georgi (1988) reported that as many as 49.5% of the fleas 
released onto cats are removed by grooming. Generally, cats found to be seropositive 
were found during the months with the highest flea infestation rates, and the 
prevalence of seropositivity followed the onset of the flea season in Louisiana in 
1996. We have found that seroconversion in cats occurs between 2-4 months post­
exposure to R. felis-positive fleas (Chapter 1). However, none (0/80) of the fleas 
removed from the cats at the pound were found to be positive for R. felis  by PCR 
assay. Similarly, Weiser et al (1993) found that during an epizootic of bluetongue 
virus in cattle, virus was detected in only 1 pool from 381 (6,072 total flies) pools of 
Culicoides variipennis flies.
Since 1980, there have been 5 cases of murine typhus reported in Louisiana, 
with the latest reported case occurring in 1994 (Diane Praytor-Cartwright, PH 
Epidemiologist, Office of Public Health, New Orleans, LA, personal 
communication). Three of the cases were reported in Orleans Parish, which is 
considered the historical entry point of murine typhus into Louisiana via the shipping 
port at New Orleans. In 1945, murine typhus reached its highest prevalence of 415 
cases. Of the 415 cases reported in Louisiana in 1945, Orleans Parish accounted for 
119 cases. Efforts in recent history have gone far in eliminating the classical host of
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murine typhus by reducing rat populations and thus reducing transmission to man. In 
routine serosurveys of rodents taken in the New Orleans area, no positive rats have 
been found for at least the last 7 y (personal communication Iley Coleman HI, Rodent 
Control, New Orleans LA).
Currently available serological techniques are unable to distinguish between R. 
typhi and R. felis, which raises the possibility that mistakes have been made in the 
reported prevalence of R. typhi in some areas. Until serological techniques (i.e. 
monoclonal assays) are developed to distinguish between R. typhi and R. felis, it will 
be hard to interpret whether cats and cat fleas should be implicated as hosts for 
murine typhus. Emerging hosts for murine typhus may be the cat, opossums and cat 
fleas (Sorvillo et al 1993).
Our findings on the presence of B. henselae in wild populations of cat fleas 
agree with previous studies (Koehler et al 1994 and Reiman et al 1990). Additionally, 
we were able to detect B. henselae DNA in cat fleas that were fed a blood meal 
containing B. henselae. Similarly, Higgins et al (1996") showed that cat fleas were 
positive for B. henselae after feeding on infected blood meals. Chomel et al (1996) 
also reported that cat fleas were infected by feeding on bacteremic cats. Additionally, 
fleas in our study were fed for 3 d on uninfected bovine blood after feeding on 
infected cat blood. This may indicate that B. henselae is transmitted biologically by 
the cat flea. The findings of B. henselae in wild populations of cat fleas and the 
demonstration that fleas acquire B. henselae via the ingestion of a blood meal may 
implicate the cat flea as a reservoir or vector of B. henselae.
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Up to 15 % of adult C. felis have been shown to move between cat hosts (Rust
1994). Since it has been shown that up to 49.5% of the fleas on a cat are later found 
in the feces (Wade and Georgi 1988), the ingestion of infected fleas may be a route of 
exposure for uninfected cats. There also is the possibility that ingested flea feces could 
be an infectious source. The ability of fleas to transmit B. henselae to cats by feeding 
or to serve as an infectious source for cats ingesting infected fleas during grooming 
should be examined in future studies.
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Life Cycle of Rickettsia felis, a Newly Described Rickettsia Associated with 
the Cat Flea (Ctenocephalides felis Bouch€)
Introduction
Rickettsia felis  is a newly described endosymbiont of the cat flea 
(Ctenocephalides fe lis  Bouche) that is distinguishable from R. typhi by PCR (Adams 
et al 1990). R. felis  is placed in a clade by itself with its closest neighbors being R. 
akari and R. australis (Higgins et al 1996b). R. akari causes Rickettsialpox, a mild 
febrile disease with symptoms of fever, sweats, backache and muscle pain in man. R. 
akari has been isolated from rodents, humans, and mites (Eremeeva et al 1995). The 
house mouse mite (Liponyssoides sanguineus) is the vector of R. akari, which can be 
maintained in mite populations transovarially, i.e., the vector also is an important 
reservoir of the organism (Burgdorfer and Varma 1967). L. sanguineus usually 
parasitizes the house mouse, Mus musculus. R. australis causes symptoms similar to 
those reported for R. akari and is found over much of coastal Queensland in 
Australia. R. australis is transmitted by Ixodes spp. ticks, and serological assays have 
demonstrated seropositivity in a variety of bandicoots and small rodents (Cambell and 
Domrow 1974). Although R. felis cannot be differentiated from typhus group 
rickettsia by currently available immunofluorescence assays, it is more akin to the 
spotted fever group by analysis of the sequence data of the 434-base pair 17 K Da 
protein gene segment (Higgins et al 1994).
28
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Higgins et al (1994) reported that fleas from eight separate cat flea colonies 
located throughout the U.S. were found to be infected with R. felis; infection rates up 
to 93 % were described. Three of the colonies were initiated from a common source 
(El Labs in Soquel, California); however five of the colonies were initiated from 
wild-caught fleas. The flea colonies were maintained on cat hosts, but no studies have 
been conducted to determine if R. felis  replicates in cats.
Adams et al (1990) reported that R. felis was found in ovarian tissue of fleas, 
which would indicate potential vertical transmission in fleas; however, the 
transmission of R. felis in the cat flea has not been determined. There have been no 
studies on the mechanisms by which infection rates up to 93% in flea colonies are 
maintained. This study was conducted to determine how R. felis is maintained in cat 
flea lines, and to determine if routes of transmission to new flea lines exist.
Methods and Materials
Maintenance of flea colonies. Adult fleas were fed bovine blood containing 
14 mM sodium citrate using Rutledge type glass water jacketed blood chambers 
(Rutledge et al 1964) connected in series to an immersion circulator (Fisher 
Scientific, model 730). The blood was warmed with circulating water heated to 41 +
1° C. Studies were conducted in an incubator (Precision model 818) at 22.5 ±  2° C.
A three-liter cool vapor vaporizer, connected to a repeat cycle timer (Intermatic 
Model C8865), was placed inside the incubator to maintain the relative humidity at 
approximately 75 %. A piece of double stretched parafilm served as the artificial 
membrane. Adult flea feeders were constructed of 450 mm diameter clear PVC pipe.
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One end of the feeder was covered with 300 uM nylon screening while the opposite 
end was covered with 500 uM nylon screening. The end covered by the smaller 
screening was placed against the Rutledge glass feeding chamber. Eggs were collected 
in 450 mm diameter glass petri dishes which were attached to the bottom of the flea 
feeder.
Flea larvae rearing. Rearing containers were 450 ml glass jars filled with 90 
g of washed sand. Approximately one gram of spray dried beef blood and 0.5 g of 
brewers yeast were combined with the sand using a wooden applicator. Eggs were 
placed onto the surface, and the jars were capped with wipes (Kimwipe®) and 
maintained in a humidity chamber (80% RH) that contained a saturated NaCl solution 
(Sweetman, 1933). After 10 d, pupae were strained from the sand using a No. 12 USA 
Standard Testing Sieve. Pupae were held in 450 ml jars until adult emergence.
Flea sources. One colony was maintained at LSUSG (Henderson and Foil 
1993) and approximately 65 % of the fleas were infected with R. felis. Another 
colony was derived from the LSUSG colony originally but has been maintained at the 
Louisiana State University campus on a Rutledge artificial host system. The colony at 
the last testing (F12 generation) had an infection rate of 2.5%. The third colony of 
fleas was maintained at Heska Corp. (Fort Collins CO) and this colony has been 
determined to be negative for R. felis by PCR assay by testing over 300 individual 
adult fleas.
Indirect immunofluorescent-antibody (IFA) assay of cat serum samples.
An IFA assay was used to detect antibody response to both R. felis and R. typhi
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(Philips et al 1976). IFA microscope slides with the R. felis or R. typhi antigen were 
provided by Abdu Azad at the University of Maryland, Baltimore, Maryland USA. 
Serial dilutions of serum starting at 1:64 through 1:2048 were prepared in phosphate 
buffered saline (PBS). Twenty-five (A of diluted serum were applied to the antigen 
slide wells and allowed to incubate for 1 h in a humidity chamber (75 % RH) at room 
temperature. The slide was then rinsed in distilled water, washed for 30 min in PBS, 
rinsed again in distilled water, and then air dried. Twenty-five iA of a secondary 
antibody (goat anti-cat) labeled with FITC were applied to each well and incubated 
for 1 h. The previous washing protocol was then followed. The slides were then 
viewed at 40x using a fluorescent microscope. Titers of ^ 1:64 were considered 
positive. R. felis and R. typhi are reactive with the R. felis assay and can not be 
differentiated by this method.
Polymerase chain reaction assay. Procedures for detecting the rickettsial 
agents in flea samples followed previously published techniques (Azad et al 1992). 
Samples were triturated with a sterile pestle in 1.5 ml centrifuge tubes in 25 iA of 
sterile water. Samples were then heated to 100° C for 10 min and stored at 0° C. Ten 
lA aliquots were used as template for PCR. Conserved primers were used for 
amplification of a 234 bp fragment of the 17 kDa surface antigen gene. Samples were 
amplified for 35 repeated cycles of denaturation at 94° C for 30 s; annealing was at 
57° C for 2 min, and the sequence extension step was at 70° C for 2 min. PCR 
products were electrophoresed on 1.2% agarose gels and visualized by ethidium 
bromide staining. The Power Block I® thermocycler (Ericomp Inc., San Diego, CA)
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was used for all PCR reactions. Because the 17 kDa primers are genus specific but 
not species specific, verification that products were of R. fe lis  origin was performed 
by restriction fragment length polymorphism (RFLP) and sequencing.
Restriction enzyme analysis of PCR products. Restriction fragment length 
polymorphism (RFLP) technique was used to confirm that products were of R. felis 
origin (Azad et al 1992). Digestion was performed using the endonuclease Xba I. 
Samples (15 (A each) were combined with 3 tA of enzyme (Xba I) master mix and 
allowed to incubate overnight at 37° C. Samples were electrophoresed on 1.2% 
agarose gels and visualized by ethidium bromide staining.
Preparation and sequencing of PCR products. The 17 kDa PCR product 
amplified from fleas was cloned and sequenced once using the Invitrogen T/A 
Cloning kit (San Diego, CA). Procedures for this assay followed those described by 
Higgins et al (1996*). The PCR product (3 tA) was ligated overnight at 14° C into the 
PCR II (Invitrogen) vector, and delivered into One Shot (Invitrogen) competent cells 
by using heat shock at 42° C for 30 s. Cells were plated onto Luria Broth agar plates 
containing 50 ug/ml amplicilin and X-galactose and white colonies selected for further 
growth. Plasmid DNA was purified using the Perfectprep kit (5 Prime 3 Prime, 
Boulder, CO), cycle sequenced using the dye-terminator method, and visualized using 
the Applied Biosystems 373 automated fluorescent sequencing system (Foster City, 
CA). The sequence was analyzed using the Sequence Editor 675 software package 
(Applied Biosystems, Foster City, CA), and the BLAST program for sequence 
comparisons (National Center for Biotechnology Information, Bethesda, MD).
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Maintenance of R. felis in a  flea colony fed bovine blood. A laboratory 
colony of fleas (Lab strain) originating from the LSUSG flea colony was maintained 
through 12 generations. Adults were fed bovine blood PCR negative for R. felis using 
the Rutledge system. Eggs were collected each generation and placed into rearing 
containers with larval diet and maintained as previously described. Infection rate of 
newly eclosed adults was determined. Forty individual fleas were assayed for R. felis 
DNA by PCR each generation.
Horizontal transmission, larval feeding. Flea larvae (Heska) obtained from 
the Heska Corporation (Fort Collins, CO) were determined to be free of R. felis via 
PCR assay. Fleas found positive for R. felis (65%) via PCR assay were obtained from 
a colony at Louisiana State Agricultural Center St. Gabriel Research Station 
(LSUSG). Adult, pupae, larvae, and egg samples from LSUSG were tested by PCR 
for the presence of R. felis. Heska larvae (110) were placed individually into 15 x 100 
mm test tubes with flea feces (PCR positive) obtained from the LSUSG colony plus 
brewers yeast. A second group of 60 Heska larvae were fed individually on flea eggs 
(PCR positive) obtained from the LSUSG colony and dried beef blood plus brewers 
yeast. A group of 100 control larvae were fed individually on larval diet or brewers 
yeast plus feces from Heska adult fleas fed bovine blood through the artificial 
membrane system. The Heska flea larvae were held until after adult eclosion and they 
were assayed via PCR for the presence of R. felis  DNA.
Horizontal transmission, contact. There were four experimental groups with 
three replicates each. LSUSG fleas positive for R. felis DNA were paired with Heska
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fleas negative for R. fe lis  DNA in the following manner: 5 positive males with either 
15 negative females or 15 positive females and 5 negative males with either 15 
negative females or 15 positive females. Fleas were maintained in groups and fed on 
the Rutledge system on bovine blood with 14 mM sodium citrate for 5 d, then tested 
by PCR for presence of R. felis  DNA.
Horizontal transmission, artificially infected blood. One group of newly 
emerged Heska fleas (ca 200) was provided uninfected, defibrinated human blood 
(controls) while a second group (ca 200) was fed human blood containing 109 PFU/ml 
R. felis from tissue culture (Radulovic et al 1995). The fleas were fed for 6 h on 2 
consecutive days using a commercially available artificial host from FleaData® 
(Farmington, NY), the "artificial dog"(Wade and Gorgi, 1988). Then all fleas were 
fed uninfected blood for the next 6 d. Eggs were collected daily and placed into 
rearing chambers until adult emergence. PCR analysis was conducted on both the 
parental and FI generations.
A group of Heska fleas (ca 200) was fed defibrinated cat blood containing 109 
PFU/ml R. felis from tissue culture using an "artificial dog" for 2 h on 3 consecutive 
days. The fleas then had continuous access to uninfected cat blood for the next 6 d. 
Eggs were collected daily and placed into rearing chambers. PCR analysis was 
conducted on the adult fleas that fed.
A group of Heska fleas was provided bovine blood containing R. felis from 
ground flea homogenate for 5 d using the Rutledge system. The flea homogenate was 
prepared by grinding 50 adult LSUSG fleas (approximate infection rate of 65 % with
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R. felis) in 1.5 ml of saline buffer (Taaken 1980). This buffer is isotonic to whole 
blood and has a pH range of 7.4 to 8.0 with an osmolarity of 294 mOsm. PCR 
analysis was conducted on both the parental and FI generations.
Horizontal transmission, feeding on cats. Four cats were maintained at the 
LSUSG flea colony and infested with approximately 75 LSUSG fleas twice per week. 
The cats had been continually exposed to R. felis infected fleas for at least 12 months 
prior to our study at LSUSG and were determined to be seropositive via IFA. The 
LSUSG fleas maintain an average infection rate of 65 % with R. felis. Approximately 
75 fleas of the Heska or 75 Lab strain (F8 and F9) were fed on cats for 5 d using the 
chambered flea technique (Thomas et al 1996). The Heska fleas were fed on three 
cats during February 1996 and the Lab strain fleas were fed on two cats during 
January and February 1997. The infection rates of the lab strain fleas (F8 and F9) 
maintained on the artificial membrane system and fed beef blood were 2.5 and 5.0 %, 
respectively. Eggs produced by the adult fleas were collected and reared to adults. 
Adult fleas and their progeny were assayed via PCR for R. felis infection.
In a second trial four specific pathogen free (SPF) cats were maintained at 
LSUSG and infested with approximately 75 LSUSG fleas twice per week starting in 
April 1997. Approximately 75 adult Lab strain (F10; infection rate 22.5%) fleas were 
fed on the cats for 5 days in April using the chambered flea technique (Thomas et al 
1996). The produced eggs were reared to adults and fed on the same cats as their 
parents in May. The progeny of the fleas fed in May were fed on the cats in June, and 
their progeny were assayed via PCR.
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Transovarial transmission. Three groups of positive LSUSG fleas (ca 75 
adults per group) were placed into each of three feeding chambers and fed bovine 
blood using the Rutledge system (described earlier). Eggs were collected daily from 
each feeder for 5 d and placed into individual containers. After emergence, infection 
rates of the adult fleas were determined via PCR assay.
Approximately 50 positive LSUSG fleas were placed onto each of 5 cats 
maintained at that facility and allowed to feed for 5 d. All fleas had been removed 
from the cats by thorough combing prior to this study to ensure that only newly 
emerged fleas fed. Eggs were collected daily from pans located beneath the cats 
(Henderson and Foil 1993) and then placed into individual containers. After adult 
emergence, the fleas were tested for R. felis DNA with the PCR assay. The statistical 
analysis of these data was performed using analysis of variance [(ANOVA) (SAS 
Institute 1987)]. Proportions were transformed via arcsin.
Results
Maintenance of R. fe lis  in a flea colony fed bovine blood. A laboratory 
colony of fleas originated from the LSUSG flea strain maintained infection with R. 
felis through 12 generations by transovarial transmission (Table 3.1). There was a 
decline in incidence through the F8 generation to 2.5%, followed by an increase at 
the F 10 generation to 22.5%. This increase at the F10 generation was followed by a 
decrease to 2.5% by the F12 generation. Heska fleas assayed by PCR during the 
study had no positives (0/310), which would indicate a low chance for false positives.
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Table 3.1 Rickettsia felis infection in cat fleas maintained through 12 













F ll 5/40 (12.5%)
F12 1/40 (2.5%)
Horizontal transmission. Fleas obtained from LSUSG were found tc have an 
average infection rate of 65 % (42/65) with R. felis. Additionally, R. felis was 
detected by PCR assay in egg, larvae, pupae, and fecal samples from the LSUSG 
colony. When the R. felis-fret flea larvae (Heska) were allowed to feed on the eggs 
and feces produced by fleas from LSUSG (samples of the eggs and feces were 
positive for R. felis DNA by PCR assay), all adults that developed were negative for 
R. fe lis  by PCR (Table 3.2).
When Heska and LSUSG fleas were held together in the cross-mating study, 
no transmission of R. felis from flea to flea by copulation or contact was detected. 
None of the Heska females (0/30) that were cross mated with positive males and 
tested by PCR acquired R. felis. Also, none of the Heska males that were mated
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with positive females and tested by PCR acquired an infection. The progeny of the 
Heska females also were negative for R. felis DNA.
Table 3.2 Attempted horizontal transmission of R. felis to uninfected Heska 
larvae fed flea eggs and feces positive for R. felis  by PCR.
Diet Infection Rate
Blood and yeast and positive eggs 0/60
Yeast and positive flea feces 0/110
Blood and yeast 0/100
Infected blood meal. No data was obtained on the possible transovarial 
transmission of R. felis in the fleas fed cat blood; all eggs were infertile due to an 
insufficient number of males.
Table 3.3 Attempted horizontal transmission of R. felis to fleas fed artificially 
infected blood.
Feeding Blood PFU/ml Infection of Infection of progeny
Duration Source adults fed of adults fed
on blood on blood
12 hr Human 109 no (0/60) no (0/60)
6 hr Cat 109 no (0/20) no data
5 d Bovine no data* no (0/25) no (0/25)
*blood was artificially infected with flea homogenate
All of the adult fleas fed artificially infected blood and tested by PCR were 
negative. No acquisition of R. fe lis  by the ingestion of an artificially infected blood 
meal was demonstrated in this experiment, although R. felis DNA was detected in the
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feces produced by fleas fed bovine blood with flea homogenate (Table 3.3). R. felis
DNA was not detected in the feces from the fleas fed on human blood and feces was
not collected from fleas fed on cat blood.
Fleas fed on cats. Heska fleas fed on cats were negative for R. felis  as were
their progeny (Table 3.4). Five percent of Lab strain fleas (F8) fed on cats were PCR
positive for R. felis DNA, but none of the progeny from the Lab strain fleas (F8)
were positive. All Lab strain (F9) fleas were negative for R. felis DNA after feeding
on cats and all of their progeny were PCR negative (Table 3.4).
Table 3.4 Attempted horizontal transmission of R. fe lis  via feeding on cats 
(Test 1).
















1 Feb 96 Feb 97 NA* Heska (0/20) (0/5)
2 Feb 96 Jan 96 NA Heska (0/20) (0/2)
2 Jan 97 Jan 96 NA Lab(F8) (2/20) (0/20)
2 Feb 97 Jan 96 NA Lab(F9) (0/20) no data
3 Feb 96 Feb 97 Oct 96 Heska (0/20) (0/4)
4 Jan 97 Jan 96 Oct 96 Lab (F8) (0/20) (0/20)
4 Feb 97 Jan 96 Oct 96 Lab (F9) (0/20) no data
* Not applicable. Cats were assayed by PCR and found to be negative.
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The infection rate of samples of the F8 and F9 generation Lab fleas prior to 
feeding on the cats was 2.5% and 5% respectively (Table 3.1). Blood samples from 
all cats were assayed by PCR in October 1996 and two cats were found to be positive 
for R. fe lis  DNA.
Fleas fed on cats (Test 2). O f the fleas fed on the cats for three generations
and tested by PCR, there was one flea positive for R. felis. No horizontal transmission
of R. felis  to fleas fed on cats for three generations was detected (Table 3.5).




Flea Source PCR assay of 3rd 
generation progeny
5 3rd Lab 0/10
6 2nd Lab 0/10
7 2nd Lab 0/10
8 2nd Lab 1/10 (10%)*
*The fleas were assayed at the second generation on cat 8 due to the removal of the 
cat from the study. The infection rate of the equivalent FI 1 lab strain fleas fed on the 
artificial membrane system was 12.5%.
All cats were determined to be seronegative prior to the placement of the first 
group of fleas (Lab strain F10) on the cats, however, three of four cats were 
seropositive by the second month when the second generation of fleas were placed on 
the cats. The infection rate of the equivalent FI 1 Lab strain fleas fed on the artificial 
membrane system was 12.5%. During the third month all three cats were seropositive
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when the third generation of fleas were placed onto the cats. The equivalent F12 Lab 
strain fleas fed on the artificial membrane system had an infection rate of 2.5% (Table 
3.1). Samples of the progeny from the third generation that fed on the cats were 
assayed by PCR for R. felis DNA and there were no positives. The progeny from the 
second generation Lab strain fleas fed on cat number 8 were assayed and one flea was 
positive for R. fe lis  DNA. This cat was removed from the study at the third month of 
the study due to illness.
Transovarial transmission. The daily rate of transovarial transmission of R. 
felis in the LSUSG fleas was compared between adults fed on cats and adults fed 
bovine blood in vitro (Table 3.6).
Table 3.6 Infection rate of the progeny of fleas fed on bovine blood in vitro 
or on cats.
Daily Infection Rate Avg. Infection Rate
24hr 48hr 72hr 96hr 120hr
feeder 1 4/10 4/10 5/10 9/10 9/10 31/50 (62%)
feeder 2 1/7 5/10 6/10 6/9 4/10 22/46 (48%)
feeder 3 6/10 7/10 6/10 7/10 6/10 32/50 (64%)
cat 1 6/10 7/10 2/4 8/10 7/10 30/44 (68%)
cat 2 4/10 9/10 9/10 6/10 4/10 32/50 (64%)
cat 3 5/10 7/10 8/10 9/10 6/10 35/50 (70%)
Sample size was ten unless limited by available specimens.
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There was no statistical difference at the .05 level of significance between the 
average infection rate of the progeny when the parental generation was fed on cats or 
bovine blood, but the infection rates were different at the . 10 level of significance 
(P= 0.088).
Restriction enzyme analysis (RFLP) and sequence data. RFLP analysis of 
the PCR products that were amplfied indicated they were of R. fe lis origin. Likewise, 
sequence data comparisons indicated that the PCR products that were amplified had a 
99% homology to R. felis.
Discussion
We tested for two major categories of transmission of R. fe lis  to fleas; i.e. an 
infection transferred from parent to offspring (vertical transmission) and transfer of 
infection by horizontal transmission. For vertical transmission, we demonstrated that 
R. felis can be maintained for up to 12 generations in cat fleas without the benefit of 
an infected blood meal (Table 3.1). However, the infection rate did fall. LSUSG fleas 
on cats housed at the flea colony at LSUSG maintained a relatively constant infection 
rate; Higgins et al (1994) reported a 86% infection rate, and we consistently detected 
a 65 % infection rate during this study. One explanation for the infection rate of the 
LSUSG fleas on cats remaining stable while decreasing through time when fed in vitro 
on bovine blood would be that the cats were a source of infection for the fleas. 
However, the acquisition of R. felis by fleas feeding on seropositive as well as PCR 
positive cats was not demonstrated in this study. When Lab strain and Heska strain 
fleas fed on cats that had been in the colony for over 1 year, there was no
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transmission of R. felis to the fleas or their progeny. These negative fleas were 
allowed to feed on the cats for 5 d which should have been an adequate time for 
infection of the adult fleas, but this may have been an insuffient amount of time to 
transmit the infection to the eggs (Azad et al 1997). The cats were tested twice during 
the study period by IF A assay and four cats were found seropositive for R. typhi-felis. 
In addition, cat blood samples were tested by PCR for R. felis DNA and two samples 
were positive. We also found that daily infection rates for the progeny of fleas fed on 
cats and on bovine blood in vitro did not differ significantly (Table 3.6). If cats were 
the primary source of infection, daily infection rates would probably rise through 
time.
An alternate explanation for the relatively constant infection rate in fleas at the 
LSUSG cat colony would be the occurrence of occasional rickettsemias in the cats. In 
this manner, fleas would get an infective blood source intermittently to sustain 
infection rates in the colony. However, all specific pathogen free (SPF) cats in our 
second feeding study were seropositive for R. typhi-felis by the second month of the 
study and should have been rickettsemic at some time during the study, but no 
infections were detected in the progeny of fleas fed on these cats. Additionally, 
neither fleas fed artificially infected blood meals nor their progeny acquired infections 
(table 3.3).
Since feeding adult fleas on potentially infectious hosts and blood meals did 
not appear to increase infection rates of fleas or their progeny, we attempted to infect 
fleas by feeding potentially infective meals (eggs and feces) to the larvae. Flea larvae
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have been shown to feed on the feces and eggs deposited by adult fleas (Lawrence
1995). With this abundant food supply available to developing flea larvae, the 
possibility of flea larvae acquiring R. felis by the ingestion of an infected meal was a 
likely route to study. However, horizontal transmission o f R. felis by the ingestion of 
feces or eggs by flea larvae was not detected. We also tested for and found no 
evidence to support horizontal transmission by contact (casual and sexual) among 
positive fleas and negative fleas.
The maintenance of R. felis in cat fleas can be compared to the maintenance of 
R. tsutsugamushi in Leptotrombidium mite reservoirs. Even though the mite is 
capable of maintaining the agent transovarially (Takahashi et al 1988) there has been 
no success reported in attempts to transovarially transmit R. tsutsugamushi by feeding 
naive mites (Leptotrombidium deliense, L. fletcheri, and L. arenicola) infective meals 
(Walker et al 1975). It is currently believed that the mites serve as both the vector and 
reservoir of R. tsutsugamushi. In addition, an organism closely related to R. felis, R. 
afcari, is transmitted by the house mouse mite (Liponyssoides sanguineus) and can be 
maintained in mite populations transovarially (Burgdorfer and Varma 1967). In this 
respect, cat fleas may serve as both the vector and host ofR. felis. The fact that this 
organism can be maintained for 12 generations without the benefit of an infected host 
indicates that the maintenance of R. fe lis  in cat fleas is principally by transovarial 
transmission. In contrast to the reported detrimental effects to ticks (engorged female 
death and lowered hatch rates) that pass R. rickettsii for more than 5 generations
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(Burgdorfer 1975), we detected no detrimental effects, i.e. lowered egg production, 
on cat fleas maintaining R. felis for numerous generations (unpublished data).
There are alternate routes for the acquisition of infectious agents by insects. 
One example is the enhanced infection in mosquitoes that concurrently ingest 
microfilariae and arboviruses. Turell et al (1984) found increased transmission of Rift 
Valley Fever virus to gerbils by mosquitoes that had ingested blood meals that were 
concurrently infected with Brugia malayi microfilariae and Rift Valley Fever virus. It 
is theorized that the microfilariae puncture the midgut and allow for increased 
dissemination of the ingested virus into the hemocoel and subsequent dissemination to 
the salivary glands of the mosquito. There are filarids and cestodes associated with 
fleas. Fleas can serve as an invertebrate host and vector of Dipetalonema reconditum, 
which is a filarid commonly associated with dogs and cats (Harwood and James 
1979). If an event similar to the penetration of mosquito guts by microfilariae was 
occurring in the flea colony at LSUSG, then one would expect to find infections in 
naive fleas fed on the cats. We fed both Heska and Lab strain fleas on the cats and 
found no positives. For fleas, an early stage (the hexacanth) of the dog tapeworm, 
Dipylidium caninum, penetrates the epithelial lining of the flea intestine (Boreham and 
Boreham 1990). Fleas acquire tapeworms during the larval stage when feeding on 
proglottids deposited by the vertebrate host, i.e. dogs and cats. Although we did not 
examine this type of phenomenon in our study, it would be an unlikely mechanism for 
the maintenance of R. fe lis  in our flea colony at LSUSG. All eggs collected at this
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the opportunity to feed on proglottids deposited by cats infected with tapeworms.
Vertical transmission is a route by which R. felis is maintained in successive 
generations of cat fleas. This study was the first to show that R. felis  is maintained in 
cat flea lines without need for a vertebrate reservoir. If ingestion of R. felis is not a 
route for infection o f  naive flea lines, then possible fitness differences or mating 
incompatabilities between positive and negative fleas might account for the high 
incidence of R. felis  in certain flea colonies. Studies on this subject are described in 
chapter 4.
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Chapter 4
Possible Interactions of Rickettsia felis with Ctenocephalides felis  Bouchd
Introduction
Rickettsia felis, which is closely related to R. typhi, is a bacterial 
endosymbiont of the cat flea, Ctenocephalides felis Bouche. R. felis has been found in 
wild-caught fleas as well as fleas in colonies throughout the U.S.; several of these 
colonies were established with fleas from a single source (Higgins et al 1994). The 
mechanisms by which this agent is introduced into naive flea populations and reaches 
such high infection rates (up to 93%) are unknown.
We have found a 65% infection rate of R. felis in fleas at the Louisiana State 
University Agricultural Center St. Gabriel Research Station (LSUSG) cat flea colony 
(Chapter 3). In addition, transovarial transmission was demonstrated for 12 
generations in fleas without an infected blood source, but the infection rate declined 
through time. In previous studies (Chapter 3), we fed adult and larval fleas on 
infectious sources and allowed contact between infected and noninfected fleas, but 
were unable to demonstrate horizontal transmission of R. felis to fleas.
Since we were not able to demonstrate horizontal transmission of R. felis to 
fleas, there is the possibility that fitness differences or mating incompatability between 
infected and naive fleas exist. Higgins et al (1994) speculated that R. fe lis  might affect 
the biology of the cat flea by such mechanisms. The purpose of this investigation was 
to determine possible effects, i.e. increased fecundity and emergence rates, of R. felis 
on the biology of cat fleas.
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
48
Methods and Materials 
Polymerase chain reaction assay. Procedures for detecting the rickettsial 
agents in flea samples followed those of Azad et al (1992). Samples were triturated 
with a sterile pestle in 1.5 ml centrifuge tubes in 25 tA of sterile water. Samples were 
then heated to 100° C for 10 min and stored at 0° C. Ten tA aliquots were used as 
template for PCR. Conserved primers were used for amplification of a 234 bp 
fragment of the 17 kDa surface antigen gene. Samples were amplified for 35 repeated 
cycles of denaturation at 94° C for 30 s; annealing was at 57° C for 2 min, and the 
sequence extension step was at 70° C for 2 min. PCR products were electrophoresed 
on 1.2% agarose gels and visualized by ethidium bromide staining. The Power Block 
I® thermocycler (Ericomp Inc., San Diego, CA) was used for all PCR reactions. 
Because the 17 kDa primers are genus specific but not species specific, verification 
that products were of R. felis origin was performed by restriction fragment length 
polymorphism (RFLP) and sequencing.
Restriction enzyme analysis of PCR products. Confirmation that products 
were of R. fe lis  origin was performed via restriction fragment length polymorphism 
(RFLP) (Azad et al 1992). Digestion was performed using the endonuclease Xba I. 
Samples (15 /A each) were combined with 3 tA of enzyme (Xba I) master mix and 
allowed to incubate overnight at 37° C. Samples were electrophoresed on 1.2% 
agarose gels and visualized by ethidium bromide staining.
Preparation and sequencing of PCR products. The 17 kDa PCR product 
amplified from the fleas was cloned and sequenced using the Invitrogen T/A Cloning
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kit (San Diego, CA). Procedures for this assay followed those described by Higgins et 
al (1996*). The PCR product (3 /zl) was ligated overnight at 14° C into the PCR II 
(Invitrogen) vector, and delivered into One Shot (Invitrogen) competent cells by using 
heat shock at 42° C for 30 s. Cells were plated onto Luria Broth agar plates 
containing 50 ug/ml amplicilin and X-galactose and white colonies selected for further 
growth. Plasmid DNA was purified using the Perfectprep kit (5 Prime 3 Prime, 
Boulder, CO), cycle sequenced using the dye-terminator method, and visualized using 
the Applied Biosystems 373 automated fluorescent sequencing system (Foster City, 
CA). The sequence was analyzed using the Sequence Editor 675 software package 
(Applied Biosystems, Foster City, CA), and the BLAST program for sequence 
comparisons (National Center for Biotechnology Information, Bethesda, MD).
Flea sources. Comparisons were made using three colonies of fleas. One 
colony was maintained at LSUSG (Henderson and Foil 1993) and approximately 65 
% of the fleas were infected with R. felis. Another colony (Lab) was derived from the 
LSUSG colony originally but has been maintained at the LSU campus on a Rutledge 
artificial host system (Chapter 3). The colony at the last testing (F12 generation) had 
an infection rate of 2.5%. The third colony of fleas was maintained at Heska Corp. 
(Fort Collins CO) and this colony has been determined to be negative for R. felis by 
PCR assay by testing over 300 individual adult fleas.
Flea larvae rearing. Rearing containers were 450 ml glass jars filled with 90 
g of washed sand. Approximately one gram o f spray dried beef blood and 0.5 g of 
brewers yeast were combined with the sand using a wooden applicator. Eggs were
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placed onto the surface and the jars capped with wipes (Kimwipe®) and maintained in 
a humidity chamber (80% RH) that contained a saturated NaCl solution (Sweetman, 
1933). After 10 d, pupae were strained from the sand using a No. 12 USA Standard 
Testing Sieve. Pupae were held in 450 ml jars until adult emergence.
Fecundity comparisons of Heska, LSUSG, and Lab strain fleas fed in 
vitro. The three flea strains (Heska, LSUSG, and Lab) were fed in vitro for 7 d on 
bovine blood once each month during April, May, and June. Adult fleas were 
anesthized by chilling at -20° C for 3 min, sorted by sex, then placed into feeding 
cages. Each cage contained 50 females and 25 males and there were 3 cages per 
strain. Adult fleas were fed bovine blood containing 14mM sodium citrate using the 
Rutledge system (Rutledge et al 1964) connected in series and connected to an 
immersion circulator (Fisher Scientific, model 730). The blood was warmed with 
circulating water heated to 41 ±  1° C to maintain blood meal at host temperature. 
Studies were conducted in an incubator (Precision model 818) at 22.5 ±  2° C. A 
three-liter cool vapor vaporizer, connected to a repeat cycle timer (Intermatic Model 
C8865) was placed inside the incubator to maintain the relative humidity at 
approximately 75 %. A piece of double stretched parafilm served as the artificial 
membrane. Adult flea feeders were constructed of 450 mm diameter clear PVC pipe. 
One end of the cage was covered with 300 uM nylon screening while the opposite end 
was covered with 500 uM nylon screening. The end covered by the smaller screening 
was placed against the Rutledge glass feeding chamber. Eggs and feces were collected 
in 450 mm diameter glass petri dishes which were attached to the bottom of the flea
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feeder. The feces from each individual feeder was collected, weighed, and the amount 
of feces per day per female was calculated. Eggs were aspirated from feeders, 
counted, and the number of eggs produced per female per day was calculated for each 
treatment.
In a separate pilot study, we fed Heska and LSUSG strain fleas on cat blood 
containing 14mM sodium citrate in vitro in the same manner as described above. This 
assay was conducted once with 2 cages of each flea strain.
Fecundity comparisons of LSUSG and Lab strain fleas fed on SPF Cats. 
The specific pathogen free (flea naive) cats used for this study were numbers 5, 6, 7, 
and 8 from Chapter 3. The LSUSG and Lab strain fleas were fed on the cats for 5 d 
once each month during April, May, and June, 1997. All SPF cats were seropositive 
for R. typhi-felis in June (Chapter 3). Adult fleas were anesthized by chilling at -20°
C for 3 min, sorted by sex, then placed into separate feeding cages (Thomas et al 
1996) and a cage of each strain was placed on each cat. Each cage contained 50 
females and 25 males, the cages were constructed of 450 mm diameter clear PVC 
pipe and similar to those used on the artificial membrane system. The end of the cage 
placed against the cats skin was covered with 300 uM nylon screening while the 
opposite end was covered with 30 pM. nylon screening. The end covered by the larger 
screening was placed against the shaved lateral area of the cat posterior to the 
shoulder blade. The cages were temporarily held in place by a piece of 2" stockinette. 
The cages were fastened by wrapping the animal with Vetrap® to form a halter top 
that prevented the animal from removing the cage. The feces from each individual
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feeder was collected and weighed. The weight of feces per female per day was 
calculated. Eggs were aspirated from feeders, counted, and the number of eggs 
produced per female per day was calculated.
Fecundity comparisons of Heska and LSUSG strain fleas fed on Colony 
Cats. The cats used for this study were numbers 2, 3, and 4 from Chapter 3. This 
experiment was similar to the first test using SPF cats except adult fleas from the 
LSUSG and the Heska strains were used for the feeding assay and the cats were 
different. Cat 2 was seropositive for R. typhi-felis in January of 1996, cat 3 was 
seropositive for R. typhi-felis in October of 1996, and cat 4 was seropositive for R. 
typhi-felis in January of 1996 (Chapter 3).
Cross-mating of Heska and LSUSG fleas (Test 1). For cross-matings 
between Heska Strain and LSUSG strain there were four treatments (pair matings) 
with three replicates each. LSUSG positive fleas (65% infection rate) were paired 
with uninfected Heska fleas in the following manner: 5 positive males with either 15 
negative females or 15 positive females and 5 negative males with either 15 negative 
females or 15 positive females. Reas were maintained in the respective treatments and 
fed bovine blood on the Rutledge system for 5 d and daily egg production was 
recorded.
Cross-mating of Lab strain fleas and LSUSG fleas (Test 2). For matings 
between Lab strain female and Lab strain male or LSUSG strain male fleas there were 
two treatments (pair matings) with three replicates each. The first treatment contained 
fifteen Lab strain females (F7 Lab strain infection rate=2.5%) with five Lab strain
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males and the second contained 15 Lab strain females with five LSUSG strain 
(infection rate=65%) males. Fleas were maintained in the groups and fed bovine 
blood using the Rutledge system for 5 d and daily egg production was recorded.
Competition studies. All eggs in the competition study were obtained from 50 
female fleas mated to 25 male fleas. A preliminary study was conducted using 450 ml 
glass jars for the rearing of fleas as previously described. Treatments were not 
replicated. Treatment 1 was 100 eggs of the LSUSG strain in each of three containers, 
treatment 2 was 100 eggs of the Heska, F10, and F l l  each in one container, and 
treatment 3 was 50 eggs of the LSUSG strain in each of three containers which 
contained 50 eggs of the Heska strain , F10, or FI 1. The containers were held for 
approximately one month and then adult fleas were counted.
In a similar experiment, 30 ml plastic snap cap tubes containing 15 g of sand 
were used instead of glass jars. A comparison between LSUSG and Heska strain fleas 
was conducted. Treatments were 100 eggs of the LSUSG strain in each of three 
containers, 100 eggs of the Heska in each of three containers, and 50 eggs of the 
LSUSG strain in each of three containers which contained 50 eggs of the Heska 
strain. The containers were held for approximately one month and then adult fleas 
were counted.
Data analysis. A completely randomized experimental design was used in the 
in vitro studies. Total egg production and blood consumption were compared using 
analysis of variance (ANOVA) and the least significant difference mean separation
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test [(LSD) (SAS Institute 1987)]. Adult emergence in the competition studies was 
analyzed using ANOVA and LSD.
Results
Egg and feces production, in vitro. The number of eggs and amount of feces 
produced by Heska, LSUSG, and Lab strain fleas fed bovine blood in vitro was 
compared (Table 4.1).
Table 4.1 Egg and feces produced by Heska, LSUSG and Lab strain fleas fed 
bovine blood in vitro.





Means within columns followed by the same letter were not different (p > 0.05) Least 
Significant Difference Mean Separation Test
Egg production of Heska and the Lab strain fleas was not significantly different 
(p=0.219). Similarly, the amount of feces produced by the Heska strain and the Lab 
strain was not different (p=0.326). Egg production for the LSUSG strain was 
significantly lower than both the Heska (p<0.001) and Lab strain fleas (p<0.001).
Also, LSUSG strain feces production was lower than that of Heska (p<0.001) and 
Lab strain (p<0.001). LSUSG strain fleas began producing eggs on the third day of 
feeding while Heska and Lab strain fleas began producing eggs on the second day of 
feeding. The Heska flea strain when fed on cat blood in vitro produced an average of
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2.0L ±0.1.9 eggs per female per day. The LSUSG flea strain did not produce eggs 
when fed on cat blood in vitro.
LSUSG and Lab strain fleas fed on SPF cats. Egg production of the Lab 
and LSUSG strain fleas when fed in vivo was not significantly different (p=0.6409), 
nor was the feces production (p=0.2395). Egg production for the LSUSG and Lab 
flea strains began on the second day of feeding.
Table 4.2 Egg and feces production of LSUSG and Lab strain fleas fed
on SPF cats.




Within columns means followed by the same letter were not different (p s 0.05) Least 
Significant Difference Mean Separation Test.
LSUSG and Heska strain fleas fed on colony cats. Egg production of Heska
and the LSUSG strain fleas was not significantly different (p=0.1081).




Heska 13.8±6.6a 5 .2±2a
LSUSG 9.6±3.5a 2.5±0.7b
Means within columns followed by the same letter were not different (p > 0.05) Least 
Significant Difference Mean Separation Test.
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However, the amount of feces produced by Heska fleas was higher than that of the 
LSUSG strain (p=0.0057). Egg production for both LSUSG and Heska flea strains 
began on the second day of feeding. All strains of fleas produced more eggs and feces 
when fed on cats compared to in vitro.
Cross-mating experiments. The egg production of Heska females was 
significantly higher than the egg production of LSUSG females regardless of the 
males they were mated with (p=0.0013).
Table 4.4 Egg production of St. Gabriel (G) and Heska (H) flea cross­
matings.
Treatment ft eggs in Mean±SD ft eggs/female/d
each rep
H ? H o- 126, 130, 23 93 ±60.65 1.33a
G? G tf 313, 214, 458 328± 122.72 4.80b
G ? Hcf 263, 259, 240 254±12.29 3.72b
H ? G <f 36, 54, 137 76 ±53.87 1.06a
Means followed by the same letter were not different (p £ 0.05) Least Significant 
Difference Mean Separation Test.
There was no statistical difference between the egg production of Heska strain 
females when mated to LSUSG males or Heska strain males (p=0.2524). However, 
Heska strain female and LSUSG strain male matings averaged 23% less eggs than the 
Heska strain female and Heska strain male matings. Similarly, LSUSG strain females 
produced 20% less eggs when mated to Heska strain males rather than LSUSG strain 
males mating.
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Egg production o f Lab strain females when mated to LSUSG males was not
significantly different from Lab strain females when mated to Lab strain males.
However, egg production by the Lab strain females mated to the LSUSG males was
30% lower than the Lab strain females mated to Lab strain males (Table 4.5).
Table 4.5 Egg production of LSUSG (G) strain  fleas and Lab strain 7th
generation crossmatings.
Treatment # eggs in Mean+SD #eggs/?/d
each rep
Lab 9 Lab cf 80, 86, 102 89.33±  11.37 1.19a
Lab ? Go" 44, 126, 16 62.00±57.17 0.83a
Means followed by the same letter were not different (p ^ 0.05) Least Significant 
Difference Mean Separation Test.
Larval competition studies. In the preliminary study the LSUSG had an
average adult emergence rate of 58%.
Table 4.6 Mean number of adult cat fleas that eclosed per 100 eggs.
Flea strain # adult fleas
that eclosed per 100 
Mean+SD
LSUSG 62.3± 10.4a
Heska 38.3 ±  14.5b
Half LSUSG 54.7± iO.Oab
and half Heska
Means with the same letter following were not different (p > 0.05) Least Significant 
Difference Mean Separation Test.
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Heska adult emergence rate was 36%, Lab strain F10 was 67% and the Lab strain 
F l l  was 60%.
In the second trial the Heska strain fleas had a statistically lower adult 
emergence rate than the LSUSG strain (p=0.0030). The adult emergence rate of the 
LSUSG and Heska strain reared together was not different from the Heska strain 
(p=0.0564) or the LSUSG strain (p = 0 .1721) reared separately (Table 4.6).
Discussion
Transmission of R. felis by the ingestion of potentially infected blood meals or 
by contact was not detected in previous studies (Chapter 3). Vertical transmission in 
the absence of an infected host was described but the infection rate did drop over 12 
generations. Over the same period the infection rate of the flea colony at LSUSG did 
not change. If fleas do not acquire R. felis by ingestion or contact, then other 
mechanisms may exist to allow R. felis to attain infection rates near 100% in some 
flea colonies.
One explanation may be that infected fleas have a selective advantage, i.e. 
increased fecundity, increased adult emergence rates, over non-infected rivals. When 
comparing the egg and feces production for the three strains of fleas fed in vitro on 
bovine blood, we found that the LSUSG strain did not produce as many eggs nor as 
much feces. In addition, the production of eggs by the LSUSG flea strain began on 
the third day of feeding while the egg production of the Heska and Lab strain fleas 
began on the second day of feeding. We also fed Heska and LSUSG strain fleas on 
cat blood in vitro, and found that the Heska strain fleas produced eggs on cat blood
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but the LSUSG strain did not. These data alone could indicate that the LSUSG flea 
strain was not as fit as the Heska or Lab strains. However, when the same 
comparisons were made feeding the flea strains on cats, there were no differences in 
the egg production between LSUSG and Heska strain fleas and LSUSG and Lab strain 
fleas. A direct comparison between the Heska and Lab Strain fleas was not made 
since the two strains were not fed on the same groups of cats (SPF or colony).
There was, however, a difference between the feces production of Heska and 
the LSUSG strain fleas fed on cats. The LSUSG strain produced 32% less feces per 
egg than the Heska flea strain. This may indicate that the LSUSG flea strain is a more 
efficient egg producer than the Heska flea strain. This difference could translate into 
less feeding by the LSUSG flea strain with equal egg production. Less feeding by the 
flea means less irritation to the host. Since cats have been shown to remove 49.5% of 
the fleas released onto them by grooming (Wade and Georgi 1988), it would seem 
logical that fleas capable of producing eggs while feeding less would be detected less 
often than fleas requiring more blood. Egg production for all strains began on the 
second day when feeding on cats. This data would indicate that R. felis infected fleas 
(LSUSG strain) do equally as well as the Heska and Lab strain fleas when fed on cats.
The differences we observed in vitro may be due to a selection process to the 
in vitro feeding system and not related to the infection status of the fleas. One major 
difference between blood meals in vitro and on cats is the presence of anticoagulants 
in the in vitro blood meal. The LSUSG strain fleas have been shown to produce fewer 
eggs as the concentration of sodium citrate is increased (Lawrence 1995). Similarly,
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Guerro et al (1993) found that horn fly egg production decreased as sodium citrate 
concentrations increased. There is the possibility that differences we observed are due 
to genetic differences brought about by selection to the artificial membrane system 
and not related to the presence o f R. felis. The colony maintained at Heska 
Corporation has been maintained on the artificial membrane system for over one 
hundred generations (personal communication Rex Thomas) and the Lab strain 
derived from the LSUSG colony was maintained for 12 generations on the artificial 
membrane system. The LSUSG flea line has been maintained on cats for over 8 y. 
Artificial rearing techniques have been found to affect the biology of insects by 
placing selection pressures on them that would normally not be encountered in nature. 
For example, Bush et al (1976) found that the rearing techniques for screwworm, 
Cochliomyia hominivorax, could possibly affect the competitive ability of colony 
males to mate with females in nature. Determining whether the in vitro selection 
process was coincidental to the reduced incidence of R. felis  could be the subject of 
future studies.
In the cross-mating studies we found no statistical difference between the egg 
production of the Lab strain or Heska strain females when mated to LSUSG males; 
however, there was a 30% and 23% reduction, respectively, in the number of eggs 
produced. Lowering the reproductive capacity of uninfected females and giving the 
infected females a reproductive advantage in a mixed population could result in 
increases in the infected population of fleas through time. Similar findings of reduced 
fecundity in females mated to males infected with Wolbachiae have been reported for
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other insects. The presence of Wolbachiae-Uke organisms in the ovaries of some 
species of Glosinna may explain the incompatability of some crosses (O’Neill et al 
1993). Wolbachiae are the most widely recognized organisms that affect the biology 
of their hosts (Beard et al 1993). The most commonly reported type of effect is 
cytoplasmic incompatability, which involves the incompatability of sperm from 
infected males with eggs from uninfected females. In essence, there is disruption of 
the early stages of meiosis of eggs of uninfected females that are fertilized by the 
sperm of an infected male (O’Neill et al 1993). By this mechanism the infected male 
lowers the reproductive capacity of the uninfected female. Incompatability can 
increase the frequency of an endosymbiont by indirectly decreasing the frequency of 
lineages that do not carry the endosymbiont (Stouthamer et al 1993). An alternative 
explanation for the reduced fecundity of the females mated to males of another strain 
observed in our study could have been that the reduction was due to outbreeding 
depression (Templeton 1994).
We also found that the Heska strain fleas had a statistically lower emergence 
rate than the LSUSG strain (p=0.0195). This phenomenon could also have an effect 
on the ratios of infected and noninfected individual in a mixed population. However, 
these results also could simply reflect prior selection pressure o f different colonies.
This was the first study to examine the possibilty that R. fe lis  may affect the 
biology of the cat flea. We found that LSUSG fleas produce as many eggs as the Heska 
fleas fed on cats but produce 32% less feces. Further, Heska females produced 23% less 
eggs when mated to LSUSG males than with Heska males. These observation were
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made over a single generation of fleas. Whether these differences could have an impact 
on the infection rate of R. fe lis  in localized flea populations could be the subject of future 
studies.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Summary
Chapter I. Infection and Seroconversion of Cats Exposed to Cat Fleas 
(Ctenocephalides felis Bouch£) Infected with Rickettsia felis.
We demonstrated that cats exposed to cat fleas infected with R. felis become 
positive for R. typhi-felis antibodies. Fleas positive for R. felis DNA fed on cats in 
our study, and seven of 16 cats became seropositive for R. typhi-felis by two months 
post-feeding. All ten of 10 cats that were continually exposed to the feeding of R. felis 
infected fleas became seropositive while three of six cats in an intermittently exposed 
group seroconverted. Three of ten cats continually exposed to the feeding of R. felis 
infected fleas became PCR positive by 3 months post-exposure and two of six cats 
intermittently exposed to the feeding of infected fleas became PCR positive by 2 
months post-exposure. These findings indicate that the cat, when exposed to the 
feeding of R. felis infected fleas, becomes positive for antibodies to R. typhi-felis. 
Chapter 2. Seroprevalence of Two Members of the O rder Rickettsiaies in Cats 
and Attempts to Detect DNA of Rickettsia felis, R. typhi and Bartonella henselae 
by PCR in Cat Fleas (Ctenocephalides felis Bouchl) from Cats in East Baton 
Rouge Parish, Louisiana.
In our study, we found a 9% seroprevalence for R. typhi-felis in cats at the 
East Baton Rouge Animal Control Center. In less intensive surveys at Alexandria and 
Lafayette Animal Control Centers, there was a slightly higher seropositivity rate (12.5 
% and 11 %, respectively). There was no association between the presence of fleas on 
the cats and the detection of seropositivity. However, cats were found to be
63
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seropositive during the months with the highest flea infestation rates, and the 
prevalence of seropositivity followed the onset o f the flea season. Additionally, we 
were able to detect B. henselae DNA in cat fleas that were fed cat blood meals 
containing B. henselae.
Chapter 3. Life Cycle of Rickettsia felis, a Newly Described Rickettsia Associated 
with the Cat Flea (Ctenocephalides felis Bouche).
We tested for two major categories of transmission of R. felis to fleas; i.e. 
vertical transmission and horizontal transmission. For vertical transmission, we 
demonstrated that R. fe lis  can be maintained for up to 12 generations without the 
benefit of an infected blood meal. However, the infection rate did fall. We 
consistently detected a 65% infection rate in LSUSG fleas on cats housed at the flea 
colony at LSUSG during this study. However, the acquisition of R. felis by fleas 
feeding on cats was not demonstrated. When Lab strain and Heska strain fleas fed on 
cats that had been in the colony for over 1 year, there was no transmission of R. felis 
to the fleas. We also found that daily infection rates for the progeny of fleas fed on 
cats and on bovine blood in vitro did not differ significantly. Additionally, neither 
fleas fed artificially infected blood meals nor their progeny acquired infections. 
Horizontal transmission of R. felis by the ingestion of infected feces or eggs by flea 
larvae was not detected. We also tested for and found no evidence to support 
horizontal transmission by contact (casual and sexual) among positive fleas and 
negative fleas. Vertical transmission is a route by which R. felis is maintained in
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successive generations of cat fleas. This study was the first to show that R. fe lis  is 
maintained in cat flea lines without the need of a vertebrate reservoir.
Chapter 4. Possible Interactions of Rickettsia felis  with Ctenocephalides felis 
Bouche.
When comparing the egg and feces production for the LSUSG, Lab, and 
Heska strain fleas fed in vitro on bovine blood, we found that the LSUSG strain did 
not produce as many eggs nor as much feces. In addition, the production of eggs by 
the LSUSG flea strain began on the third day of feeding while the egg production of 
the Heska and Lab strain fleas began on the second day of feeding. However, when 
the same comparisons were made feeding the flea strains on cats, there were no 
differences in the egg and feces production between LSUSG and Heska strain fleas 
and LSUSG and Lab strain fleas. A direct comparison between the Heska and Lab 
Strain fleas was not made since the two strains were not fed on the same groups of 
ca ts . Egg production for all strains began on the second day when feeding on cats.
We also fed Heska and LSUSG strain fleas on cat blood in vitro, and found that the 
Heska strain fleas produced eggs on cat blood, but at a lower rate than on bovine 
blood, whereas the LSUSG strain produced no eggs. In cross-mating studies we found 
no statistical difference between the egg production of the Lab strain or Heska strain 
females when mated to LSUSG males, however, there was a 30% and 23% reduction 
respectively in the number of eggs produced. The outcome of lowering the 
reproductive capacity of uninfected females and giving the infected females a 
reproductive advantage in a mixed population could cause increases in the infected
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population of fleas through time. We also found that the Heska strain fleas had a 
statistically lower adult emergence rate than both the LSUSG and Lab strains. This 
phenomenon could also have an effect on the ratios of infected and noninfected 
individual in a mixed population. This was the first study to examine the possibility 
that R. felis may affect the biology of the cat flea.
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